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I. INTRODUCTION

The motivation behind this project is the need to develop a rapid,
remote spectroscopic probe of a condensed phase energetic material.
The envisioned end application is species diagnostics carried out on a
liquid - e.g., TNT or a liquid propellant - undergoing shock-induced
decomposition within a blast chamber.

Of several candidate laser-based probe methods, one - inverse Raman
spectroscopy, hereinafter referred to as IRS - has been under investiga-
tion at the Ballistic Research Laboratory. This project was begun by
Dr. William VonHolle, whose findings are detailed in a memorandum
reportl. VonHolle carried out experiments on static samples, establish-
ing the quantitative nature of the technique on mixtures of benzene and
nitromethane, and performing a survey probe of a candidate liquid pro-
pellant which had been refluxed until explosive decomposition occurred.
VonHolle concluded1 that a continuation of the development of IRS,
toward the application of probing of a shocked liquid, was warranted.

This report describes our further experiments using the apparatus
assembled and tested by VonHolle. The systems probed have been static
samples of stable liquids, and the focus has been the establishment of
limits of sensitivity, reproducibility and accuracy so as to (i) obtain
a clearer assessment of the feasibility of IRS for the probing of an
actual shocked liquid, and (ii) provide the necessary criteria for
proper experiment design for future applications. In addition, a major
improvement in the apparatus has been incorporated.- the replacement of
the photographic detection method used by VonHolle by an optical multi-
channel analyzer (OMA), which provides broad-band photoelectric detec-
tion capability.

The report is divided into several parts. The next section considers
the necessary requirements of a probe system, and a qualitative descrip-
tion of several possible candidate methods. This is followed by a more
quantitative explication of IRS, together with our experimental results.
We conclude with an outline of future work. There we consider in particular
the decomposition of TNT, which has been chosen as a prototype system
for study; this choice is governed by a need to consider an actual species
for assessing feasibility, combined with a promise of obtaining immedi-
ately useful results. In addition, we suggest a direct comparison of
IRS and Coherent Anti-stokes Raman Scattering (CARS) for the purpose of
rapid, remote probing, and a ramification of IRS (fixed-frequency probe
laser) for determining unknown Raman spectra of pertinent compounds.

IW. VonHolie, "The Apptication of Inverse Raman Spectroscopy to Chemical
Decomposition in Energetic Systems", BRL Memorandum Report No. 2607,
March 1976. (AD #BO10506L)
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II. PROBE METHODS

A. Requirements

The information sought from the ultimate measurement system consists
of species concentrations in a condensed phase, so as to elucidate the
reactive mechanism of the rapidly changing energetic material under
study. To provide this, several requirements on the probe system -
dictated by the nature of the detonative experiment - must be fulfilled.
In general, these are: fast time resolution, the capability for remotely
probing, and an extensive coverage of many known or suspected species.

In addition, there exists the important question of requisite
sensitivity. This should be addressed with reference to the particular
system to be probed. A primary objective of the current project has
been the establishment of sensitivity parameters under realistic operating
conditions, and we later specifically examine the TNT system in this
connection.

Another generally desirable requirement, of course, of any experi-
mental method is ease of use. Let it suffice here to note that, at the
present time, any of the possible laser-based techniques which fulfill
the general criteria listed above all utilize state-of-the-art tech-
nology and still-developing methodology. Consequently, the application
of any of them to a real system is by no means routine, but is in itself
a full research project requiring an investigator intimately acquainted
with the apparatus.

1. Time Resolution. In order to obtain a meaningful species
profile during a detonation process, it is necessary that the sampling
time be short enough that there occurs no averaging over any appreciable
chemical reaction. This is accomplished experimentally by using a single
shot from a laser of short pulse length. The techniques considered below
incorporate Q-switched ruby or neodymium lasers, or perhaps a nitrogen-
pumped dye laser. Typical pulse lengths of each of these is of the order
of 10 nsec, which thus represents the available sampling time. This is
shorter than solution reaction times for all but the fastest ion-ion
reactions under diffusion control. While picosecond laser techniques
are now in operation at several laboratories, the delicacy of the experi-
mental apparatus involved precludes their consideration for the intended
purpose at the present time.

It should be noted that, while the sampling times of 10 nsec are
sufficiently short, only one shot per detonation can be made with
currently available technology. The highest repetition rate of the lasers
listed above is 60 1lz, and more typically it is < 0.1 Hz. Thus the experi-
mental data will furnish a single 'snapshot' of the detonative process,
not a 'movie'

I 0



2. Remote probing. In order to study a detonative process, it is
desirable to place the sample in some container which is in turn kept
within a blast chamber well shielded and removed from the measurement
apparatus and operators. This precludes the use of established linear
techniques such as spontaneous Raman scattering (SRS) or laser-excited
fluorescence (LEF). In each the sample is irradiated with a single
laser. Light scattered at Raman shifted frequencies (SRS) or emitted
at frequencies characteristic of the excited electronic state (LIF) is
focused onto some detector. However, the light is scattered or reemitted
into all 4w steradians; the size of the blast chamber, practical limits
on the diameter of expendable lenses, and apertures of necessary windows
all limit the collection solid angle so that little signal can be
obtained from a remotely situated sample*.

Applicable methods, rather, utilize laser light itself as the mode
of detection. All of the appropriate schemes involve irradiation of the
sample with two lasers. As will be described in more detail below, one
detects absorption or polarization rotation of one of the lasers, or
a third laser beam generated within the sample. This permits the lasers
and the detection apparatus to be placed far from the detonating sample
with no attendant loss of signal. An important disadvantage, on the
other hand, arises from the need to focus both laser beams simultaneously
upon a small sample located some distance away. Thermal drift, vibration,
etc., make this a non-trivial problem when considering undertaking an
actual experiment.

3. Broad-band detection. Each of the techniques considered produce
resonant signals at Raman-shifted frequencies. With only a single shot
per detonation possible, spectral information at only one frequency is
useless. Instead, one wishes to obtain a broad spectral coverage. This
can be done by using as one of the two lasers a dye laser operated broad-
band, that is, lasing over the entire gain profile of the dye with no
added tuning elements. Typical useful dyes each have ranges of coverage
over t, 150 cm-1 with a center frequency dictated by the dye itself, the
solvent and the concentration used. Whether the choice of range and
center frequency are adequate can be ascertained only by reference to a
specific molecular system.

One could extend the wavelength coverage somewhat by using a mixture
of dyes. Two (or more) separate regions could be probed by splitting
the pump beam and using it to simultaneously pump more than one broad-
band dye laser. However, in our experiments we are also limited by the
finite size of the OMA photodiode array; in conjunction with a 1-m
monochromator its coverage (, 250 cm-1 ) closely matches the output pro-
file of a single dye. Operation over a larger range would require a

Other considc2rtions also rule out these methods. SRS is a very weak
effect, and LEF likely suffers from severe interference problems when
applied to condensed-phase mixtures of the type of compounds considered
here.
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monochromator of smaller dispersion, and concomitant decrease in resolu-
tion; alternatively, but expensively, one could use two (or more)
monochromators and OMAs.

4. Sensitivity limits. While the necessary sensitivity (and
accuracy) must be considered in the context of a specified experiment,
a general guideline may be given. The three most attractive methods all
suffer from some limits on their sensitivity for condensed phase systems.
The primary difficulty with IRS is that inherent in any absorption experi-
ment, viz., noise in the probe laser source which prevents detection of
absorption below 1-2%. In CARS, non-resonant background signals are of
the order of 0.1% of the resonant peaks. In RIKES*, leakage through
polarizing filters and birefringence of optical components sets the
limit. As a result, selection of strong Raman lines for detection should
provide detectability down to mole fractions of the order of 0.01, for a
single-shot experiment using any of these techniques.

B. The Family of Coherent Raman Techniques

When a medium is irradiated by an intense enough electric field-
as from a high power laser - the non-linear parts of the molecular
polarizability produce significant effects 2 . Frequency doubling and
optical parametric frequency generation in crystals are examples of
effects of the second-order susceptibility X(2 ) which have found wide-
spread application and standard commercial availability**. The third-
order susceptibility X(3) gives rise to a number of three-wave and four-
wave mixing processes. In general, and provided the pertinent selection
rules are met, resonances in X(3) occur when some difference of the
frequencies involved is equal to a Raman frequency in the molecule
involved. A variety of these so-called coherent Raman techniques*** has
been discovered and, to varying degrees, developed within the past
decade. Those suitable for fulfilling the requirements outlined above
are IRS, CARS, and Raman-induced Kerr effect spectroscopy (RIKES). Closely
related to the IRS is stimulated Raman gain (SRG); another method, coherent
stokes Raman spectroscopy (CSRS) is the stokes-shifted counterpart of CARS.
In addition there is a series of more complex processes; Hyper-Raman effect,
"submarine", "asterisk", "horses", and "boxcars", each having a different
dependence on X(3). Reference 3 contains a comparison of all the techniques

.2N. Bloembergen, Non-linear Optics Benjamin, New York, 1965.

See below.

(2)For Liquids and gases, x is zero by symmetry considerations and
(3 is the first non-linear term of importance.

The Russian literature uses the term, 'active Raman spectroscopy'.

21



(exceg the hyper-Raman effect4 , "horses"4 , and "boxcars"s, in terms
of X .

1. A simple picture. A physical description of some of these
processes is described in Figure 1. It should be emphasized that all of
these processes actually involve the simultaneous mixing of several light
waves, although a conceptual description is facilitated by viewing
sequential 'absorptions' and 'emissions' to virtual levels.

SRS is shown in Figure la. A laser at frequency wl excites the mole-
cule which scatters light at the stokes frequency w2 = wl-wR, where wR
is some Raman-active vibrational frequency* in the sample. If there
exists a sufficient number of molecules in the excited vibrational level,
i.e., if the temperature is hot enough, antistokes radiation (w2=wl+wR)
is scattered (Figure lb).

In Figure 1c, SRG is shown. If the pumping laser at wl is intense
enough, the medium irradiated can exhibit gain at w2 = wl-wR. A coherent
beam, unidirectional and more or less** along the path of the pump laser,
is emitted by the sample.

A strong pump laser at wi can also induce downward transitions from
the virtual state (Figure ld), provided there exist photons available
at w2 = wl+wR such that the molecules can 'populate' the virtual state.
This is the basis of IRS. The photons at w2 are usually furnished by
a broadband dye laser pumped simultaneously by frequency-doubled radia-
tion from the laser at wl. Absorption of the dye beam occurs at all
frequencies w2 which are separated from wl by a Raman frequency of the
sample. The unidirectional dye laser beam is then focussed onto the
slit of a monochromator, which disperses it so as to measure the fre-
quencies w2 at which absorption has occurred. The effective absorption
coefficient depends on the power of the laser at w1 and the two lasers
must of course overlap spatially as well as temporally.

3W. M. Tolles, G. L. Ees'ey and M. D. Levenson, "Heterodyne Detection
of Coherent Signals", S.P.I.E. Conference, San Diego, Dal., August 1977.

4 A. C. Eckbreth, P. A. Bonczyk and J. F. Verdieck, "Laser Raman and
Fluorescence Techniques for Practical Combustion Diagnostics", AppZ.
Spec. Rev. 12. 15-164 (1978).

5A. C. Eckbreth, "BOXCARS: Crossed-Beam Phase-Matched CARS Generation
in Gases". Appl. Phys. Lett., to be published.

Rotational and electronic Raman effects also exist but are not suitable
for the current purpose.

Depending on the variation of the refractive index of the medium with
frequency.
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j1 W2 WA1 CU2 1  CO2

(a) SRS: STOKES (b) SRS: ANTISTOKES (c) SRG

--------------------------- --(ii)

_0

CO 2  
W1 W2

C~j CO3  CO2  W, CO)3

(d) IRS (e) CARS (f) RIKES

Figure 1. Transitions involved in different Raman processes. Solid lines
indicate real levels, while dashed lines denote virtual states. (a)
spontaneous Raman scattering in Stokes region; (b) spontaneous Raman
scattering in anti-Stokes region; (c) stimulated Raman gain; (d) inverse
Raman spectroscopy; (e) coherent anti-Stokes Raman spectroscopy; (f)
Raman-induced Kerr effect spectroscopy. For the coherent Raman techniques
(c) - (f), the stronger (pump) laser is designated by a broad, open arrow
and the probe laser is shown as a thin arrow. In RIKES, (f), the pump
laser is circularly polarized, and the probe laser is linearly polarized.
Signal at w2 , polarized perpendicularly to the incident beam, is detected.
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CARS (Figure le) is a four-wave mixing process in which two
frequencies are the same. The higher power laser at w1 elevates
molecules to a virtual state i, from which they are stimulated downward
to the excited vibrational level by the second laser at w2. From here,
the laser at w1 pumps them to a second virtual state ii, from which a
coherent beam at w3 = 2wI - w2 is generated. Although some light at w3
is generated for any combination of wi and w2, strong resonances occur
when w2 = I W- R (as indicated in the figure). The use of a broadband
dye laser at w2 generates several coherent beams at different values of
w3 corresponding to different Raman frequencies. As in IRS, a monochro-
mator separates the wavelengths to provide the data.

In RIKES, Figure lf, a strong circularly polarized pump beam at wi
induces a birefringence in the sample. A probe beam at w2 is linearly
polarized in the vertical direction prior to entering the sample. A
horizontal polarizer following the sample passes no radiation at W2
except for some small amount which has been rotated due to the bire-
fringence induced by the pump beam at wi. Again, strong resonances occur
when w2 = wl - wR, and again a broadband laser beam furnishing w2 may be
dispersed to measure those frequencies at which there occurs transmission
between the crossed polarizers.

2. Some ramifications. A number of modifications of the coherent
Raman effects have been proposed and/or tried in order to enhance sensi-
tivity or decrease noise.

When the pump laser at wl in Figure 1 is at such a frequency that
the virtual state approaches an actual electronic state, resonant
enhancement of any Raman signal occurs. This has been demonstrated for
IRS6 as well as the other methods. However, the ability to exploit the
resonant enhancement requires a match between electronic absorption
frequencies and available lasers, not usually possible for multi-species
work.

Absorption of any laser radiation can be dramatically increased by
placement of the sample inside the laser cavity, where absorption spoils
the gain and produces non-linear effects. Again, this is nominally
suitable for IRS on a static sample 7 ; however our experience suggests
that it would be exceedingly difficult to maintain proper cavity align-
ment through a remotely situated sample. In addition, windows and shock-
generated turbulence may also cause losses.

6 S. H. Lin, E. S. Reid and C. J. Tredwel11, "The Resonance Inverse Raman

Effect", Chem. Phys. Lett. 29: 389-392 (1974).

?W. Wernecke, J. Klein, A. Lau, K. Lenz, and G. Hunsalz, "Investigation

of Inverse Raman Spectroscopy using the Method of Intracavity Spectros-
copy", Opt. Comm. , 159-163 (1974).
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8.
Optical heterodyning involves mixing of the signal beam from the

sample with part of the probe beam split off prior to entering the
sample. Published reports 3 ,6 have considered so far only application to
RIKES using a relatively quiescent probe laser. Results of a preliminary
study 9 indicate that optical heterodyning does not so far improve signal-
to-noise in a single-shot RIKES experiment due to other sources of
limiting noise.

3. Comparing the techniques. The three methods, IRS, CARS and
RIKES, appear to be the suitable current candidates as remote, broadband
probes of rapidly evolving energetic materials.

Each may be operated using as the pump laser a pulsed source in the
10 nsec region. Each involves the detection of a coherent beam and is
thus suitable for remote work.

The broadband nature of detection has been demonstrated for IRS
I;

the first RIKES experiment was performed in this mannerlO. Broadband
CARS experiments have been performed in the gas phase11 , in the way
described above. Now because of the three-wave mixing involved in CARS,
it is necessary to match wavevectors (conserve momentum) as well as
energy. Since IkJ = ci- , a medium in which n varies rapidly with w will
prevent momentum conservation over a broad frequency regime. This is
not a problem with gases, but could be so for liquids. To date, no
broadband CARS experiments on liquids have been reported. Instead, a
narrow band tunable laser is used at w2. However, in one early experi-
ment a tuning range of n% 150 cm-1 was covered 12 with no need to adjust
phase-matching angles over this regionl 3 . Consequently it appears that
broadband CARS should be viable for liquids over the untuned gain profile
of a single dye.

8G. L. Eesley, M. D. Levenson, and W. M. Tolies, "Optically Heterodyned

Coherent Raman Spectroscopy", J. Quant. Elec., to be published.
9 W. VonHolie, private communication, May 1978.

10 D. Heiman, R. W. Hellwarth, M. D. Levenson and G. Martin, "Raman-
Induced Kerr Effect", Phys. Rev. Lett. 6 189-192 (1976).

1 1 W. B. Roh, P. W. Schreiber and J. P. E. Taran, "Single-pulse Coherent
Anti-Stokes Raman Spectroscopy", AppZ. Phys. Lett. 29, 174-176 (1976).

12R. F. Begley, A. B. Harvey, R. L. Byer and B. S. Hudson, "Raman
Spectroscopy with Intense, Coherent Anti-Stokes Bemns'. J. Chem.
Phys. 61 2466-2467 (1974).

13A. B. Harvey, private communication, May 1978.
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To our knowledge, there are only two current investigations of
these methods aimed at the remote, rapid, broadband sampling of a con-
densed phase. There is of course the present study, begun by VonHolle
and continued by ourselves. In addition to the development of IRS, we
feel it is desirable to carry out in the future a comparison with single-
shot CARS. VonHolle, now at Lawrence Livermore Laboratory, is continuing
work on IRS of energetic materials, and has recently succeeded at per-
forming a single-shot optically-heterodyned RIKES measurement9 .

It should be emphasized that at the present time there is no reason
to consider any technique necessarily superior, nor to even project that
any one will ultimately be best for all investigations. Through our and
VonHolle's further characterization of IRS, his work on RIKES, and our
projected trial of CARS, there will hopefully grow a large enough body
of data to permit proper experimental design and to provide useful
concentrations.

III. THE INVERSE RAMAN ABSORPTION COEFFICIENT

A. Phenomenological Derivation

We present a brief phenomenological derivation of the absorption
coefficient pertinent to IRS, in a form suitable for the insertion of
previously measured or estimable parameters for the purpose of assessing
signal levels.

In a conventional SRS experiment (Figure la), the total intensity
in photons sec-l - over the whole Raman line - spontaneously scattered
into all 4n steradians and over the differential path length dx, is
given by

dl= 4n N( La) d
dis  N - ) IL dx&. (1

Here, N is the molecular sample density (cm-3), L is the differential
2 -1 dQ steinestRaman scattering cross section (cm sr ), and IL is the intensity

(photons sec- 1) incident upon the sample. (Normally, in SRS, there is
no appreciable attenuation of the beam along the sample length, and Eq.

(1) is usually presented in the integrated form I = 41NR( - )] where
sdS2 Lwhr

k is the total path length over which the observation is made).

Consider the case in which there exists sufficient photon density
at I so that stimulated scattering is important as well as spontaneous
scattering (as in SRG, Figure Ic, and IRS, Figure Id). ihICn th' scattcrini
probability W is a sum of two terms, fully analogous to the situation
found for stimulated and spontaneous emission from a real state. These

* 17
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- two terms are usually written
14

3 3
8Trhv 3n3

W ihs s + p(Vs) (2)
3

c5C

where vs is the frequency (Hz) and n. is the refractive index at the
Stokes frequency. p(vs) is the spectral energy density at this frequency,
in units of erg cm-3 Hz-1. It is convenient to integrate Eq. (2) over
frequency, so as to obtain the total energy within the line. Then

8iThv 3 n 3Av
fWdv S S + fp(Vs)dv (3)

3C

where Av is the linewidth of the (spontaneous) Raman transition.
fp(v )dv represents the total energy density (erg cm-3), available in
the radiation field, at the frequency vs (in the inverse Raman experiment,
this energy is provided by the pump laser).

In Eq. (3), the first term on the right-hand side represents the
total energy within the spontaneous Raman line, thereby serving to define
Av. For example, were the Raman lineshape triangular, Av would simply be
the full width at half maximum. For a Lorentzian lineshape, Av would be
T times the full width at half maximum.

Now Eq. (1) describes only the spontaneous scattering. For the
case such as IRS in which the stimulated emission totally dominates,

8l hv n 3AV

rp(v )dv - h> s3 s Then the expression for dl in Eq. (1) becomes
C

greater by the ratio of these two terms, and we have

do 3pv~Vd

N() ILC3 fp(V )dv dx
dl f)L3 3 . (4)

2hv n Av
s s

But, by conservation of energy, the number of Stokes photons created at
V. within the medium must equal the number of photons removed from the
beam at the frequency vL.

'A. Koningstein, Introduction to the Theory of the Raman Effect,
Hei.del, Dordrecht, Holland, 1972, p. 142-144.
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do 3
N(d) ILC3 fP(Vs) dv dx

L s 2hv 3 n 3 AV

Under conditions in which the energy density fp(vs)dv does not vary*
with x, Eq. (5) may be readily integrated over a path length Z:

IL(9) = 'L(0) exp (- at) (6)

where we define a (with units of cm- ) as the inverse Raman absorption
coefficient

do 3
N( c fp(vs)dva = 3 3 (7

2hv n Av
s s

It is convenient to express the energy density in terms of the power
density P(vs), in watt cm-2 . For a laser of pulse length T, cross-
sectional beam area A and energy per pulse E(v s),

E(vs) E(vs)n s  107P(vs)ns

s V Act c

V is the volume occupied by the pulse, and is the product of A and the
effective pulse length cT/n s . We rewrite Eq. (7) using Eq. (8), and also
converting all frequencies v (Hz) to vacuum cm- 1, denoted by w = v/c.
Then

7 d (
2 3 2 (9)

2hc23 n AW
s s

which forms the desired result of this section.

*We later consider such a variation.
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B. Other Expressions
is

Yeung also presents a derivation of a which can be obtained from
his Eq. (7) for stimulated Raman gain. We contend that Yeung does not
properly introduce the Raman linewidth Av; he considers it as the
bandwidth of the energy density available at vs) but this is not the
case when that energy density is supplied by a pumping laser as in IRS.
Rather, the integration expressed in our Eq. (3) maintains consistency
and generality for any source of p(vs).

Nonetheless Yeung's result agrees with our own. In addition, Yeung
presents a critique of other expressions for a (or its SRG counterpart),
pointing out inconsistencies and some lack of care in defining units.

In particular, we note that the expression for the stimulated Raman
gain coefficient g in Eq. (2) of Grun, McQuillan and Stoicheff16 considers
a Lorentzian linewidth so that their rAv/2 is equivalent to our Av. None-
theless a of Eq. (9) is a factor of 2 smaller than the equivalent of
their formula. This is uncomfortable in view of the excellent agreement
they obtain between g calculated from that equation and g measured in
experiments on liquid N, and 02. We do note that they quote estimated
errors of the order of 50%. We cannot reconcile our expression with that
of Werncke, et al., 7 for which we have also had difficulty in attaining
dimensional consistency.

We have chosen to express a in terms of the differential Raman
scattering cross section, a microscopic (i.e., per molecule) quantity.
This will facilitate estimations of a for different compounds using
relative intensities from standard collections of spontaneous Raman
spectra1 7 . However, much of the current coherent Raman literature
expresses transition probabilities in terms of the third-order suscepti-
bility X(3), a macroscopic quantity. The resonant part of X(3) is
related to do/dQ by

1 8

15E. S. Yeung, "Inverse Raman Effect: A Quantitative Spectroscopic
Technique", J. Mol. Spec. 5 379-392 (1974).

I6eT. B. Grun, A. K. McQuillan and B. P. Stoicheff. "rntensity and Gain
Measurements on the Stimulated Emission in Liquid 02 and N2", Phys.
Rev. 0 61-68 (1969).

B. Schrader and W. Meier, ed., Raman/IR Atlas of Organic Compounds.

Verlag Chemie, Weinheim, 1974.

W. M. Tolies, J. W. Nibler J. R. McDonald, and A. B. Harvey, "A Review

of the Theory and Application of Coherent Anti-Stokes Raman Spectroscopy
(CARS)", Appl. Spect. 1 253-271 (1977).

20

.r 
. .



Ndc'

3x 3  3 ds 4 1 (10)
8w hcw 26 - iAw

S

X(3) is both complex and frequency dependent; 6 represents the amount of
detuning from resonance (all frequencies here are expressed in cm-

1).

At resonance,

do
31X(3) 1 3 do .

8 3hcw A

The Raman scattering cross section can also be written in terms of
molecular parameters. The relationship is1 6

-hcw 5  4;S
d -2 -2 7 V2 (12)

where p is the reduced mass and wR the frequency (cm= ) of the vibration
in question. a' and ' are the isotropic and anisotropic parts, respect-
ively, of the derivative of the polarizability with respect to the
appropriateinternuclear coordinate, and evaluated at the equilibrium
position. a is known as the mean polarizability and 6 is the anisotropy.

C. Degree of Polarization of Raman Lines

Classical electromagnetic theory shows that, for linearly polarized
light incident upon an isotropic (spherically symmetric) system, the
scattered light (Rayleigh or Raman) will have its polarization direction
parallel to that of the incident light. This is because the dipole
induced by the incoming electric field is parallel to that field, and
must also radiate a field vector parallel to itself.

A molecular system, on the other hand, has three principal axes,
along each of which the polarizabilities are not necessarily equal*.
In a macroscopic sample the molecules will be randomly oriented with
respect to the incident light electric vector. Consequently a moment
induced by this field will not in general be parallel to the electric
vector, and the scattered radiation will contain components polarized
perpendicularly to the incident electric vector.

If equal, the molecular polarizability is spherically symmetric, e.g.,
in C 4 .

21
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The polarizability tensor c can be written in terms a and a, which
are invariants S. A consideration of the relationship 1 9 of the cartesian
components of q to a and 8 leads to a direct identification with experi-
mental measurements. The degree of depolarization, or depolarization
ratio P, is defined in terms of the intensity of scattered radiation
whose polarization is perpendicular to the plane of polarization of the
incident light, divided by the intensity of light polarized parallel to
that plane. (See Figure 2).

If the incident light is unpolarized,

I. 682
u  . . .. ( 1 3 a )

I 45a 2 + 782

while if it is polarized (at 90* to the direction of observation),

p 1 2 2
Pp I- -2+42 (13b)

// 45a + 4B

the smallest possible value of p is zero, which occurs when there is
no anisotropy and corresponds to classical scattering from a spherical
system. The largest values p can attain are 6/7 for unpolarized light
and 3/4 for linearly polarized light. It can be shown 2u that this
occurs only for non-totally symmetric vibrations; a vibration showing
p less than these values must be totally symmetric.

The inverse Raman effect depends on the coupling of an induced
dipole moment with the electric field vectors of two light waves. One
could argue classically and qualitatively that a totally isotropic
polarizability (p=0=0) would thus couple the electric fields only if
they were polarized parallel to one another. However, consider a
vibration having p nearer its maximum attainable value. Here, a dipole
moment induced by one electric field vector will have appreciable
components in a perpendicular direction. Hence, for such a so-called
depolarized Raman line, there should be appreciable inverse Raman absorp-
tion regardless of the relative polarizations of the lasers at w and
W L

This aspect has previously been experimentally investigated using

intracavity inverse Raman absorption7 . In the spectrum of toluene,

1 1. Steele, Theory of Vibrational Spejtrosco_, Saunders, Philadelphia,

1971, p. 166ff.

. Herzberg, Molecular Spectra and Molecular Structure. II. rnfrared
and Raman Spectra of Polyatomic Molecules, D. Van Nostrand, Princeton,

1945.
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Figure 2. Definition of geometry for consideration of effects of
polarization in inverse Raman spectroscopy.
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* bands at 2723, 2860, 2913, 2978 and 3000 cm were observed with both
lasers polarized parallel to one another. When the lasers are polarized
perpendicclarly, only the 2913 band, at reduced intensity, and the 2978
band remain. The authors remark that these results agree with the
results of SRS, in which the degree of depolarization is low (p - 0) for
all bands but 2978, which is strongly depolarized.

It is obvious that, strictly speaking, a quantitative calculation
of the inverse Raman absorption coefficient must take into account the
depolarization ratio together with the two angles describing the relation-
ship between the polarization vectors of the two laser beams. We shall
not attempt such a treatment here. Nonetheless, it is clear from the
above discussion that for a Raman line of low p, one must be careful to
maintain good parallel polarization, while for a highly depolarized line
such concern is not so important. p values are available for many of
the strong lines from standard compilations17 , and should be used as
part of the criteria of experiment design.

It is also clear that any fluctuations in probe laser polarization
from shot to shot could lead to irreproducible results; the insertion of
an intracavity polarizing element (such as a Brewster angle plate) would
appear desirable.

D. Numerical Parameters for Eq. (9).

In order to design experiments utilizing inverse Raman spectroscopy,
it is desirable to be able to estimate the anticipated absorption coeffi-
cients of those compounds suspected of being present. Unfortunately,
there exists little reliable quantitative Raman data, so that one must
settle for order of magnituce estimates.

In particular, the lack of values of do/d 2 and particularly Aw for
any but a very few molecules demands that any attempt at using IRS
quantitatively be carried out by calibration of the response using known
concentrations of the compound under study.

1. do/dQl. That the measurement of absolute Raman cross sections
is difficult is illustrated by the large error bars (30-50%) usually
quoted, and the spread (factors of 2 or 3) where multiple determinations
exist. The 992 cm-1 band of benzene is one of the most intensively 16
investigated. A series of measurements is considered by Grun et al.
in conjunction with their determination using SRG. We will choose a
value of 6 x 10-30 cm2sr - 1 as a reasonable estimate. For estimation of
unmeasured do/dQ, this value can be used in conjunction with the relative
intensities of Reference 17.
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2. Aw. The subject of Raman linewidths in liquids has received
little attention. Clements and Stoicheff 2l have measured values for
several liquids using SRS with a HeNe laser and a Fabry-Perot interfero
meter. They obtained the following results: benzene, 992 cm-1 :
2.15 ± 0.15 cm-I ; toluene, 1002 cm- 1 : 1.94 ± 0.07 cm- 1 ; carbon
disulfide, 656 cm-1 : 0.50 ± 0.02 cm- 1 . From the figures in their paper,
the lines appear to the eye to be Lorentzian in shape; the broadening
mechanism is presumably molecular interactions within the liquid. Since
a is proportional to Aw-1, those bands having a narrower width would
provide greater sensitivity in IRS. Unfortunately there appears to be
no simple approach to estimating Aw.

3. N . For a given species at a particular mole fraction, the
molecular concentration N (cm- ) is readily obtained from tabulated
density and molecular weight values 2 2 . Refractive indices are somewhat
more problematic, sinceothey are wavelength dependent, while generally
only the values at 5890A (from refractometry using, or corrected to, D-
line radiation) are at hand2 2 . However, for work with a ruby laser
pumping at ws, the wavelength wL falls fairly close to the D-line region
for many useful dyes (this corresponds to a separation of 2560 cm-1).
Consequently n58 90 is probably a reasonable estimate of n . For many

organic liquids (e.g., benzene, toluene, benzaldehyde) the value of
the refractive index is close to 1.50.

4. p(w,) at focus. Significant absorption in IRS is obtained only
with relative high power at us. This is obtained using lasers of short
pulse length and high energy, and by focussing within the sample. Now
it can be shown23 that for a laser of angular divergence 6, fO is the
beam diameter at the focal point of a lens with focal length f. Thus the
area at focus is nf202/4, and p(ws) is given by

p(W s) = (14).,f2e2

21W. R. L. Clements and B. P. Stoicheff, "Raman Linewidths for Stimulated

Threshold and Gain Calculations", Appl. Phys. Lett. 12, 246-248 (1968).

2 2 Handbook of Chemistry and Physics, Chemical Rubber Publishing Co.,
Cleveland (1955) and other editions.

3A. DaMommio, in Fundamentals and Applications of Lasers. Volume I
Technical Education Research Center, Waco, Texas, 1976, p. 1-9-17ff.
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where P is the nominal peak power of the laser. (Of course, if a Iens
of relatively short focal length is used, the area of the beam will vary
throughout the sample length, and fp(vs)dv in Eq. (5) must be considered
explicitly as a function of x prior to the integration. This situation
will be considered below in conjunction with the experimental results.)

E. A Numerical Estimate of a

We here calculate a typical value of a to illustrate the magnitude
of the inverse Raman effect. The benzene band at 992 cm-1 is chosen as
an example. From the preceding section, we take do/d2 = 6 x 10-

30 cm2

sr A = - x 2.15 cm-1 , n = n = 1.50, N = 6.02 x 1023 x (0.88
2 s 5890

g/ml)/ (78.1 g/mole) = 6.77 x 1021 cm-3 . From Eq. (9),

= 3 (15)
3

s

cm1 fo-~ i atc 2  -1

yields a in cm for P(ws) in watt cm and ws in cm

There are several commercially available lasers suitable for
carrying out IRS. We currently use a Q-switched ruby laser manufactured
by Korad. Another candidate is the frequency doubled output of a Nd:YAG
laser. We choose parameters pertinent to the oscillator/amplifier rig
used in the NRL CARS experiments 24 . For IRS, it would be necessary to
further double the 532 nm radiation or triple the original 1.064 vi, in
order to pump a probe dye; this renders such a laser less attractive
for IRS than a ruby, although significantly higher repetition rates
(10 Hz) are achievable compared to < 0.1 Hz for the ruby.

We also consider 3 commercially available dye lasers; it would be
necessary to use two of each for IRS, one narrowband and one broadband.
These are a flashlamp pumped dye laser (Chromatix CMX4), a single stage
nitrogen-laser-pumped dye laser (NRG DL-0.03), and a nitrogen-laser-
pumped dye oscillator/amplifier laser (Molectron DL-14).

Pertinent specifications of P, T and 0, taken mostly from manufact-
urer's specifications, are listed in Table 1. It can be seen that fast
time resolution is available with all the lasers, except possibly the
CMX4 which has a 1 psec pulse length. A lens of focal length 10 cm is
used to calculate values of P(ws) for comparison (however, see below).
The wavelengths of the ruby and doubled Nd:YAG lasers are fixed; that
of the tunable dye lasers is taken as the maximum gain wavelength for
the stable, convenient, and powerful dye Rhodamine 6G.

'*;.. W. V'ibler, J. R. McDonald and A. B. Harvey, "CARS Measur.rmcm of
;"7rational Temperatures in Electric Discharges", Opt. Com. IS,

,-S73 (1976).
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Vhc calculated values of a are listed, together with thU frroo
ot' the incident.probe boas truasmitted through a I cS ceI (e'*)) *hl
,I N cm cell (e M0); variation of the beam size with dislance Lm bcvj
n!rI c t ed.

A I cm path length is probably the InxiiMi Which ca be uAC4411 M 1
actual detonation experiment. From Table 1, It appears that only thr
ruby, Nd:YAG and dye oscillator amplifier provide sufficient absorption.
The ruby laser is far more effective in principle, although (vee below)
its, high power cannot be fully utilized. It should be noted that the
seC of an f-S cm lens, feasible for the X4 and NRG lasers, would
increase a by a factor of four and yield the values: ea * 0.93 and
0.95, e - 0.49 and 0.59, respectively.

Aside from cost and availability considerations, the nitrogcn-lan' -

pumped oscillator/amplifier dye laser appears much superior to the *d:¥'AG
The values of a are comparable. A portion of the nitrogen laser my be
,,plit off to simultaneously pump the broadband dye laser at wI, without
nced for further frequency doubling. The repetition rate is Vaster
(60 liz) and thyratron triggering is standard.

F. Window D)amage: A Severe i4mitation

- The power density at the focus of the ruby laser is nominally
(Table 1) some 35 GW/cm2. This is beyond the threshold value for damage
of cell windows, and the beam cannot in reality be focused so tightly.
This problem poses a severe limitation on the maximum attainable power
density, well below that quoted in Table 1, and a concomitant limitation
on at and the sensitivity of IRS.

We have performed (not always intentionally) a number of experiments
illustrating and illuminating this problem. We have been notably tmsuc-
ccssful in focusing a 1 J laser pulse within a I cm cell using a lens
with fc12 cm. From measurements of beam diameters in air, it appears
that our cell windows can usually tolerate measured average power densit-
ices of - 250 MW/cm2 but unfailingly shatter above -'750 1W/cm . on this
h:';is, it appears that a typical damage threshold is -.SO0 MW/ 2m2 as
we measure it. From other measurements, however, it is clear that the
ruby beam is not always homogeneous. Rather there can exist within it
small regions of considerably higher power density, so that t e window
cLin be subject to much larger local values than the 0.S GW/ca' measured
a5 an average over the entire beam.

IEckbreth et al. 4 also discuss the problem of optical component dame,
quoting studies which found surface damage thresholds in the 10-20 G/cu.
range, at the ruby wavelength. This is in reasonable accord with our
rc:ult., under the presumption that local 'hot spots' In the bea actuallI
cause the fracture.



7 .i1) at f(c* not ntU4h dittrens free1 th*~al is fN; vrMkw
CII AVIV, 1 roiirh which the hcza mo&&t p**%. If we &do--, I IX*/twn J'
aw4'mg tlerable power dvna~y, thrn for the *02 carl W V~~ at

Or, Z rlm ll onby 'WAVel Cnth * 'e has an 141 I 2 I'S YOAI(

Re A" l~o vxamine these VA'"s In tors orfl~tv~
tuiht iis IB, ona i aght detect 1% rMiorption on a single 91301 tctina
Nuitable difi'erencing techniquef4 (,%* Reference I and holou L * ta
rtf - o.01 IN. (15) io rawrittc.- to reflect a sole fract Ion % c, Ie f ti

107 3

Isetng I ttfcu~ ait 694 no, It absorption corresponds to X *0.00E7 (or
1)en.ene hva path -length of I ca, and 0.1 of this amount for at * 10 cm.

In the ci~ae of gas phase studies, one my often place the cell
windowA cloic to the Ions and far from the focal point, so that the
ptwer dens~ity at the window is considerably loss than that at focus.
For a condciined phase system, the window must be closer to the react ing
mixture in order to contain It. Elven If sowS mans could be devised to
p(!ralt a more remote window location, power densities such higher than
our nominal 1 GW/c02 can cause effects within the liquid. On several
occeasions we hasve obsorved reaction (sometimes of an explosive nature)
within cM15 containing benzoldehyde-toluene mixtures experiencing sharp
focusing of the ruby laser. This is presumbly causcA by multiphoton-
induced cheicial reactions. Results of the recent Intense and widecsrcad
experimenital investigation of laser-induced chemistry (see e.g., Ref.
15) suggeit. that such processes are indeed likely at these power lev'els.
Conicucntly, in work with condensed phases at least,, even some Innovativc
cell doi~gns may not permit the use of power densities much aubove

(,itfor a *nhomogencous Cusnp kcom

'rho nmount of absorption Is an exponential function of fa, and hence
of the pump lasecr power. Thus a spatially inhomogeneous ruby beam
combined with 'a homogeneous dye probe will in general yield a degree of

4b~orpt ion different from that obtained from a homogeneous pump beuof the
!ia total pulsec energy and overall bean size. That iss the average of
the function ct over the beam cross section Is not the same as the
function or ai averaged over the cross section:

~':~n~~ion inerl4- Induced Chenlactry, Arf*mn A~~fAWMII



A a Oeplc nimprical example, consider the case illustrated if
rv .. A pukle of power P Irrldistes a region of radius r. " that

Or avrragr power density Is P/ir . It, M*aever, half the power 0-9
t_ crntrated in a circle of half the radiuo, and the other hIlf *prcA.i

o-At over the remainder, the density In three times as large In the
-mallvr circle.

Uor %*all enough at, so that e' S I - at, there isi no diftermre
tqver, the inhomogenoous be"u In Figure 3 will yield a concrtration

i , Nw by - 10%, for c€" t - 0.4, and too low by SO% for o'"
H reality, there likely is a more pathological power di.trib tion tn
that indicated in Figure 3, and then the discrepancies are larger.

Yeung addresses the Issue of beau homogeneities and draw* the

-,v<(lu'ion that if one of the beauo is homogeneous, this will seralt

,iat -patial fluctuations in the other. His reasoning Is incorrect. IW.

conqiders the interaction as the product of the two beam Intensities,
whereas as described above, the pump laser intensity enters In exponvn-

tially. Only for small absorption, where the eiponential can be replaced

by n linear function, is Young's approach valid . Pump laser Inhomo-

gzncitics can cause errors i not accounted for. However, because the

.yc laer intensity enters linearly, variations In its spatial profile

are no problem as long as the pump laser beam is houogenecou1.

IV. EXPERIMNTAL DCTAILS

Vonilollc assembled and tested the basic apparatus used in the present

cxperiments. The sole addition (albeit a major improvement) made by
! irwlves wan the addition of an OMA. N here describe the basic expert-

- cntal setup, and also briefly summarize Vontiolle's findings1 .

A . 1"xerimental Apparatus

Figure 4 shows the arrangement for the transverse pumping mode'" ,o%

for nearly all our experiments. A Q-Switched Korad ruby laser prodgees
uIirsc4 of - 2.J energy and 25 nsoc duration. A portion of this 6943A

radiation is frequency doubled by an amonium dihydrogen phosphate crystal.
A dielectric beam splitter reflects &he remaining visible radiation and
tran~mits the ultraviolet. The 3971A radiation is Incident upon the face

if a quare quartz cuvetto, such as those normally used for ultraviolet
pcctrophotometry. This cuvette contains a dye, typically of the rhodasmine

O-incea, for a linear jfowtitan f(a), cf af(x) - )
44A

i.e., the bem, pwplng the dye is perpendimilr to te 4. Laee bo.

~3'



POWER DENSITY
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POWER DENSITY, SMALL CIRCLE 2
• -/7" r 2

POWER DENSITY, LARGE CIRCLE
3 7rr 2

Figure 3. Schematic illustration of power density for (top) a homogeneous
beam, (b) a beam with a hot spot containing half the power within half
the radius.
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V~arl l asc% within the cavity (orowul by & to*tei9y f E*wJ
~rror and a tran~alttlnS (30% reflartivitV) output mIrror* Altwo41'
!! ctivetto face is. oriented at approdmtely Slrowtrr' angle~ mWl
ic,-iect to the dye beam, It do*% not produrce a hilth (Oagre of pfs, 4

Ul~vP are niq toning clowmnts within the dye laser rawity. mi,' q~, aW#' Im
*urofil 1, th~wi liroad. Various peak wavelangth% are obffeirrA 19'
4 iffrret dyvei or differynt concentration% of the %~ dyt fokiai

t~tt~Ie~invvcttigation' of useful wavelength rane*s for 1hl' laift
i rudition, we have used rhodamin. 640 (Exciton, Inc, Clcvelsnd;) (0

mmmll frequency shifts; In sowe cases nixing the 640 with , odamiIo U.;
increased the pumping efficiency" and/or provided a broader total vsvr,
length coverago, depending on the relative concettrationo.

7be dye laser radiation was then mixed with the 694"" bra" U%044
o -~tr davlrct tic beam splitter. The dye and ruby wavelenrthit are t.u"

vjii'C tatizrm ruby light leaked through this bean %p t t r Mt
7irvmitcd beam was often used to monitor the ruby laser polse shaj

,rsn it photodiode and storage scope, or Its energy irna j aog
oxirr and mem~ory voltmeter. The ruby pulse energy at the cell was ',A,

A leiN thcn focussed the colllncar hcani through the %apple WLJ
fwn rrr 4,owitrutod In several totil path longthsi by 4-omntinc 4vgnff

~kitdwi onto the cnds of glass tubing %3cn diameter, with a f~illinp "r
*ttachrd. Alignment of the ruby and dye lawcr beams 1hrovigh the cciVw
critical, a %will helium-neon laser %hining througfi the rvoloy rWt wv,
ivaluhlc for thi-% purpose.

A 104MI3 rcjection filter following the Sample remove mrost of t1he
l~'Iighit. 1be dye beam (andi some remaining ruby werc (urthrrat~

wing neistral density filters, and directed to the entrance slit of a
1iric'r .larrell-Atsh %pectrometer used as a spectrograpb. An entrance
:)I it width ef !*01 to was typically used, providing ,o,.77A or 2Cu'-l full

wdhat half maximum for isolated narrow lines from a lig lamp. The
o!-rved widths or the hands wast typically three to four timtes this vtalue

In the first stages of our experiments, detection was by meanos ot
Eotlik 1011W photographic plates placed at the exit plane of' the %poctro-
mrrt or. (For ots tip and exploratory surveys, Polaroid tyro 50 rilm shrWfI4
wrro' i'w;). Arter development, the plates were read otiing m a odn
ncroden~~itoetor, This proved (unsurpri singly) to he a medowk anti
tie-oniming method; furthermore, the results d0%cuaqsed lim Section tx

~te~tthat the use of photographic detection leads to st',rio4v IIMltatto
inre;produeic i t~y.

aneottnf neern htere 01tivi' '.cAiy hii *r')v t'e Idpv



The addition of the OMA thus proved to be a most welcome and useful
improvement. Ours is the original version (now referred to as "OMA-l")
from the Princeton Applied Research Corporation, with a silicon intensi-
fied target detector head. When used at the exit plane of the 1-meter
spectrometer, the 0.5" spread of the diode array covers n 250 to 300 cm
at the wavelengths used, thus including all or nearly all of the broad-
band dye laser spectral profile. The diodes have a 25 p spacing so that
they are not the limiting resolution factor for a 50 V slit width. The
OMA control console was connected to an oscilloscope for survey readout,
and to a teletype for numerical hard copy. The console digital display
was used for some of the data taking, with appropriate channel selection
by inspection of the scope display. Because of internal trigger delay
aspects of the OMA, it was necessary to begin the OMA diode scan before
firing the ruby laser. This was accomplished by construction of a small
interface circuit, so that a signal from the OMA tripped the ruby Q-switch.

B. VonHolle's Results

VonHolle carried out measurements on three bands of the benzene
molecule, at 3067, 2949, and 992 cm-1 , and on a band of nitromethane
at 920 cm- 1. Data were taken in mixtures ranging from pure CiV2NO to
about 35 mole per cent C6H6 . A reasonably straight line* was obtained
for the relative absorption vs. X(C6H6 ). Some variation in C1tsNO 2
absorption was observed for X = 0.75 to 0.95 although the data do not,
over this small range, define a clean straight line without a separate
constraint of zero absorption at zero concentration. Nonetheless, the
results demonstrate at least semiquantitative utility; a lower limit of
sensitivity for C6H6 would appear about X = 0.1 in this work.

VonHolle carried out a survey inverse Raman spectrum of a thermally
decomposed liquid propellant containing (among other ingredients)
hydroxyl ammonium nitrate and isopropyl ammonium nitrate. After refluxing
and heating, the propellant exploded. Both the original liquid and the
decomposed liquid were probed. In the pure liquid, a strong band at
1050 cm- 1 (with a shoulder at 1057 cm- 1) was found and assigned to v 1 of
the nitrate ion. The inverse Raman spectrum of the decomposed propellant
was considerably weaker, necessitating the use of a differencing technique.
A portion of the dye laser radiation was split off prior to entering the
sample, and focussed on a different vertical position on the spectrometer
slit as a reference beam. Subtraction of this reference from the profile
of the dye which had passed through the sample revealed a number of
spectral features more difficult to discern in the original spectrum (see
below). Notably, the nitrate band was considerably reduced from the
original propellant. In addition, both N-O and C-N bands of the nitro
group were present, indicating the formation of (perhaps aliphatic) nitro
compounds during the decomposition.

*Except for some residual absorption at zero mole per cent, a strange
problem we encounter as well.
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'lit primary %ource of naite gi, l~c spectra 1; orofl
the exigtence of intracavity mode truitvjre in the dye r vh'
prcauzably varico randomly from shat to iAhot, but if it i %h. iouju
,oit&e nource, then the single-shot diffctrancing techniquv Voofdolle ,ite
!hould be quite applicable. In this wAy, he was able to dllr*c *o'pr
tic,; eof 2i through his cell' f ie round somewhat cleaner mde simfurr,
using a longitudinal pumping scheme, bio at the expense of later nwtr y

Vonllolle concluded that his rasults demonstrated the patent a #
broadband, rapid single-shot IRS as a probe of explosive rection, Our,
agreement with his conclusion has forwd the starting point of our
investigation of the quantitative aspect% of IRS In this mode.

V. EXPERIWNTAL R ISILTS

Tle primary focub of the experimento was to test the reproduckbilif.
of the inverse Raman signals, and to estimate uncertaintie% (*ystematic
and random) anticipated in using such signals as a measure of conacntraf
ion' in solutions. The experiments were initially carried out using a
photographic plate for detection; the prinary conclusion from this peatr
of the work was that electronic detect io would br both much easier and
more accurate.

Ncarly all of the data taken (and all of that reported here has Vhtv
on the benzaldohyde' molecule either ncat or in s lutlon with toluene.
lte peaks utili:ed for measurament are -2 1597 co'?, and are ivferred to
below by these numerical designations.

A. Piotographic Measurements

Two series of runs were made on rvlutions of 20 and SO sole perccmt
Z) in toluene. The 10cm path length cells were used for all runs.
iecause of problems in associating the absolute absorption coefficient
to the BZI) density, all measurements were mado using as a calibration
the same cell filled with pure BZ). The runs with neat SZD were
generally alternated with those of the nixtures, to compensate for longr
term drift in the laser power.

In the first series, the total absorption was of the order of Z0-234
for pure BZI). The fractional absorption for the mixtures was consistently
higher than the value of the corresponding concentration. There existed
a 5mooth gradient in total optical density (dye laser intensity) In the
direction parallel to the slit, perhaps Indicating improper spectrometer
ilignment. The fractional absorptions varied with the position, in thit
direction, measured by the microdensitoneter, and were systematically
lower for 1597 than for 1,701 (see Table 2). This Is somewhat surprising

Asetning a 6 vialue of 1.14 for hieo plate*, eee P~feraw@ I

Referred to bo tow as RSW.
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TABLE 3. FRACTIONAL ABSORPTIONS, FOR LATER PHO'TOGRAPII1C RUNS

CONCENTRATION
SERIES (X1/X2 ) f=A(XD)/u{X)
NUMBER BAND .

3 50/100 1700 .56 -

4 .55 ]
5 .66 .00)
6 .54 I
7 .73 1

12 1701 .75 1

1597 .59 1
13 1701 .78 .15 3

1597 .83 .11
14 1701 .63 .09 1

1597 .50 .15 1
18 1701 .83 .08

1597 .83 .09 3
19 1701 .65 .00 2

1597 .o8 .05 2
20 1701 .76 -

1597 54 -

21 1701 .88 .00 3
1597 .87 .03

22 1701 .8- -

1597 .66 - 1
28 1701 .58 .05 2
30 1701 .81 .04 6
31 1701 .75 - 1

1597 .55 - 1
33 1701 .59 .04 7
34 1701 .70 .04 6

1597 .92 .03 4
35 1701 .91 .00 2

1597 .78 .04 2
36 1701 59 .04 5
37 1701 .77 .00 2

1597 .52 .02 2
20/100

19 1701 .30 .03
1597 .21 .02

20 1701 .26 -

1597 .33 -1
21 1701 .31 -1

1597 .24 -

22 1701 .21 1
1597 .26 1

30 1701 .35 1
1597 .32

I,
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TABLE 3. FRACTIONAL ABSORPTIONS, FOR LATER PHOTOGRAPHIC RUNS (Cont'd)

CONCENTRATION
SERIES (X1/X2 ) f=a(Xl)/(X 2 ) Af

NUMBER BAND 1

31 1701 .32 1

1597 .25 - I

34 1701 .40 .04 5

1597 .33 .03 2

35 1701 .67 .04 2

1597 .58 .02 2

37 1701 .46 .01 2

1597 .32 .06 2

20/50
19 1701 .46

1597 .42
20 1701 .34

1597 .61
21 1701 .35

1597 .28
22 1701 .25

1597 .39
30 1701 .44

1597 .40
31 1701 .64

1597 .46

34 1701 .57

1597 .36
35 1701 .74

1597 .74

37 1701 .59
1597 .61

Fractional absorptions, for later photographic runs. n is the number of

runs in each series; Af is from simple averaging only.
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nd rj Xh Ise expected to lead to iyzc'1 L rrirv in o -h. t r'- I
ther IN band.

A 'ceoiml iarles of runs, made essentially in plate tw-ui*,, -,
ied o1t over a period of two months, often with bult iplr r volu c), r

Yj 14- nqe% reproducibility. Thue rather disappointint re~u Olti aLU
,-crca!4c are collected in Table 3.

Fron this experience, we conclude that Inver-t krian erutt y
with photographic detection is not well sugted for quan tita!ll (oml ,

tration measurements on a single shot basi4. Part of the problem my
lie in the known problems of using photographic plate% for inmotv
nra.urvxrnt; linearity (plate optical density vs. incident light

itntcoity) i% expected over only a small range. The hort je .o#rr-
fIlcw" corresponding to the laser pulse length my aggravate thi th ai uru
hnde.vd, an enrlier study26 llvestigated the dependence of h, IRS
;ih orption coefficient a on the power of the pumping rthy lasir. Tht 14
it was found that the anticipated proportionality was not obtained ublr
photographic detection was used, but ;ood agreement was achieved %ith
lihotoelectric detection.

In view of these difficulties, couplcti with the t 'n 'w= ind
tcdioivi mcthod of using photographic plitcn, a photorlcctri' tchnvqj .r
1! decidedly preferable. The use of the MXA in the prc!nt %iork hr
vaitly increased the quantity as well as the quality of the results.
11ndertaking a project such as this without an ORA is. we feel, not csW.
effective when considering its price tag of -- $17K.

B. nrly OMA Concentration and Reproducibility Runs

Our early (and only extensive) series of measurements of the ajl~orp
ton inl solutions of BZI) in toluene did not appear to greatly reduce
%ingle-shot scatter but significantly improved the linearity. Figure Sa
3howN a series of runs in which the quantity a/P(w ) for 1701 (see Iq.
(9)) is plotted vs. mole fraction BZD. For the total of 13 shots, P(w
varied within a range of ±7%. Again, soae residual absorption is seen
in neat toluene, and the scatter is considerable. However, the fractional
absorption at 20 and 50 mole per cent Is considerably closer to 20 and SO
per cent of that of pure BZD.

The overage values for these runs are impressively more accurate
than the individual points. Figure Sb shows the averages, excluding
the X-O points and tho one spuriously low point for X-0.2. In retrospect,
we know that the ruby rod in use at that time may bave beon deteriorating,
leading to some scatter in the results. Our later data on other aspects

Yi .Tnunowda, "Inverae Rwran Effect of Sotie Organic~ Uqaddtt", 4*j'. otkm
Appi. Phyin. 11., 123-I,97 (1972).
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ce td I oil V4 Ion{h

A lcriec of' nins on 1701 of puc 4,10 uerv' carr'ot vvil , .-
ciclrroducihil1ity In Table 4 are litc i, 1'(w',) andl if~rr r,4vo
Again one obvioosly spurious value -1A.42 can he noted. Mot l.Zw; :
thi!4 valuew, ?I averagos to .L11% and e,01w0 ) to 11040.

C.* Ahsorptlon as a Punction of Ruby Ntcensity

Iwo %eries of runs were made, "gain in pure BZ0 it I0 %,R1 loith 1I.
on both 1597 and 1701. In these, filters were used to vary the (943X
intcisity tit the cell over a factor of about five, whilc %caintaiin. thf
(Iwre irrelevant anyway) dye laser intcnnity constant. The rcmjIt% arc
plresented graphically. Plotted is a-i vs P(w) a., %. 10. 1 qrd

Figure b ihows the first set of ,, .s made in thi mantr. 1 ,e
4:4n be used to gauge general single-:, hot roproducibility 4. well a th
dependence of a on P(w ). Figure 7 dIisplays plots of' t1701 vs it1597 for
i further serie.s of ruAs.

ihe slopes of these curves may be compared with that expected on the
hsis of I'q. (9). We use the intensities of published SiRS spectral1 i. and
correct for the wavelength dependence corresponding to the argon ion
Liser used there* to obtain (do/dfl) 170 1 / (do/dA)15 97 a 0.81. For equiI
ns Aw then we expect a ratio of 0.79 for these bands shifted from the
ruby wavelength. While the points in Figures bc and 7b are reasonably
described by this ratio, the runs shown in Figure 7a show alIol * al.,.,r
We can offer no explanation for this particular set of results.

it. Focussing Considerations

The diameter d of the focussed laser beam varies more or less
linearly with distance from the focusing lens, and a is proportional to
d-2 . Since the amount of absorption varies as e-a, a large portion of
the absorption must arise in a small path length near the beam focus.
we have carried out a qualitative experiment comparing the absorption
from a 2.5-cm-cell with that of a 10-cm-cell. If the 2.5-cm-cell
occupies the same position as the front** 2.5 cm of the 10-cm-cell, we
.-still obtain about 60% as much absorption as with the 10-cm-cell. If
the 2.5-cm-cell is closer by 3 cm to the lens, however, no absorption is
obtained, demonstrating a rapid variation with spectral power density.
When tihe 2.5-cm-cell is positioned so that the ruby pulse is focussel at
its center, we obtain significantly less absorption (see Figure 8). TIds

We have not found information in Ref 1 doezi-btcg the peotral
reoponoo of tho detector-.

44
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'1Figure 7. Absorption at 1701 vs. absorption at 1597, for a series
of ruby laser powers. (a) and (b) show two separate series of runs.
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rABLE 4. ABSORPTION, RELATIVE LASER INTENSITY, AND THEIR RATIO FOR A

- SERIES OF RUNS ON 8WD IN A 10 CM CELL

P(w ), ARBITRARY UNITS 10 0c /P(.is

0.51 20.4 .(

0.47 20.42

0.44 18.4 2.38

0.30 21.3 1.42

0.44 20.2 2.17

0.3 18.0 2.(00

0.40 19.4 2.0

0.49 18.4 '.0

(1.38 17.6 2.1

0.37 17.9 207



somewhat surprising result may be due to such high power densities
that we are appreciably populating the upper vibrational level, or the
fact that the effective ruby beam diameter may here be smaller than the
dye beam diameter. This would reduce the apparent absorption; also the
dye beam may be focussed upon a less intense part of the ruby beam
spatial profile.

Whatever the case, these results imply that the bulk of the absorpt-
ion within the longer path length cell comes from a total path length*
of 3-4 cm. The simple use of the path length t in Eq. (6) to derive an
absolute a from the per cent absorption is not warranted. We have not
attempted a quantitative treatment of the data in Figure 8, as the BZI)
itself changes the effective focal length of the lens, but in Section
V F we consider in a simplified fashion the effects of beam diameter
varying with position.

It was largely during these runs (and similar ones with a 1 cm cell)
that we gained most of our experience concerning window damage thresholds
discussed in Section III F. Given that experiments on explosive materials
will be carried out in necessarily short cells, it is noteworthy that
the qualitative results of Figure 8 show that a 1 cm cell should produce
considerably more absorption than a comparison of e and e would
imply.

E. Effects of Polarization

The effects of polarization are discussed in Section III C. Both
the 1701 and 1597 bands of BZD are partially polarizedl7 : p1701=0.4 and

PS7 '0.3. Thus one would expect some dependence on relative polarizat-
ion of the ruby and dye lasers.

The ruby laser is polarized in a vertical direction and normally the
dye laser is essentially unpolarized. Here, the dye laser was operated
unpolarized, and polarized horizontally and vertically. Tht results,
listed in Table 5, are not particularly conclusive. They suggest little
dependence on polarization; a1 70 /a1597 is noticeably higher for the verti-

cal mode as might be expected from the p values.

F. Absolute Inverse Raman Absorption

In Section III E, Eq. (15), a numerical estimate of a was given in
terms of the laser power and Raman shifted frequency. We here compare
our typical observed values of 30% absorption through a 10 cm path cell
(of BZD) with that predicted by the considerations of Sections III D and
III E. Values of do/d 2, Aw and n for benzene are used in the absence
of such data for BZD. Polarization is neglected. We need experimentally
the laser pulse energy, the focussed beam area, and the effects of varying
diameter through the cell.

P-2. 5
*11sing approximate values of e , 0.3 and the 60% ratio.
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TABLE 5. EFFECTS OF POLARIZATION

Run OLAIZATON ~w 01 P C ot cc1701

Run~ ~ POAIAIN Pw1701 a170 1' 1l597 15S97' cx1597

a N 20.5 0.79 3.85 0.85 4.16 0.93

b N 20.1 0.81 4.03 0.94 4.09 0.86

c V 19.8 1.00 5.04 0.96 4.86 1.04

d V - 0.83 - 0.76 - 1.09

e H 19.4 0.55 2.84 0.78 4.041 0.71

f N 19.6 0.39 1.99 0.59 3.00) 0.60

g V 19.0 0.51 2.69 0.53 2.78 0.9o

Effects of polarization. P and a/P are in arbitrar', unlitS.
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1. Pulse energy. This was measured using the optics and windows
of the experimental setup and found to be typically 0.7J/pulse at the
cell. Little if any ruby light was removed by the BZD within the cell,
although the mirrors, the lenses and cell windows attenuated the pulse
over 50% from its nominal 2J value.

2. Beam diameter at focus. This in the experiment is considerably
larger (3 mm, from burned holes in used sheets of Polaroid film) than
that calculated (0.7 mm) using Eq. (14) and the angular divergence quoted
by Korad.

3. Effects of focussing. We consider a cell of length 2 Xo (=10cm)
(see Figure 9). The beam radius decreases linearly from a value ro at the
entrance window at x=0 to some minimum radius rm at x=xm. For a lens of
diameter 2.5 cm and focal length 12 cm, as used in the experiments, and
focussed at x=to, ro=0.52 cm and rm will then be 0.15 cm.

Now a = c f dx/A(x), where c is some constant and A the beam area
as a function of x, A = i[r(x)] 2 . If we carry out this integral for the
geometry exhibited in Figure 9, we find

dx _ 20 Il o 1) (18)

A(x) T22 r (m 0

Were the cell homogeneous in radius rmand of length Zo, the value length
area would be 2Xo/7rrm 2. Thus the term in brackets in Eq. (18) represents
the effective difference in area for the focussing geometry of Figure 9.
For our parameters, it has the value 0.49, i.e., the effective ruby
intensity is about half of what it would be for a beam of radius rIII
constant through the cell.

4. Absolute a. We thus have a pulse energy 0.7J, a pulse duration
-5 nsec, and an effective area of 0.071/0.49 cm2 , for a ruby power of
190 NW/cm 2 . From Eq. (14), with ws = 1597 cm-1 , a = 1.10 x l0-9(w s) or
here a = 0.2. For a 10 cm path length, this implies 12% transmission;
for a 3.5 cm path length 48%. In view of uncertainties in da/dQ and Aw

.,. for BZD itself, we feel we obtain experimentally a value of a in reason-
able accord with theoretical expectations.

G. Influence of Mode Structure

In our experiments, as in VonHolle's, it appears that the dominant
source of noise is mode structure in the dye laser. This amounts to as
much as 10% of the dye laser output and conistitutes a serious limitation

48

-M*"



C*4

4J

4-
ui

z

0o to.
4-

o0

tu

sniovo



on the ultimate single-shot sensitivity. In Figure 10 is collected a
number of oscilloscope photographs of the OMA output. Figure 10a shows
a single shot spectrum with considerable (but not a typical) mode struc-
ture noise.

That the noise is random can be seen by averaging several shots on
the OMA. Figure 10b and 10c show the results of 10 shots; 10b is the
inverse Raman spectrum while 10c is the dye profile with no BZD in place.
Note that in 10b a third band appears, due to the 1590 cm-1 band of BZD,
and near the peak of the curve is absorption due to a 1660 cm-1 band.

The OMA can be operated in a two dimensional mode to simultaneously
record the inverse Raman spectrum and a reference, as Vonliolle did
photographically. These can be subtracted electronically and this could
be very useful for circumventing the noise problem, but we have not
attempted the necessary optical alignment.

In a brief seriej of expeximents, a longitudinal pumping scheme was
tried. Here the 3971A radiation propagates along the dye laser beam
direction. VonHolle found that this improved the mode structure. We
did not find significant differences for our configurations, and can
claim no obvious advantages for the longitudinal scheme (which is some-
what harder to align).

VI. FUTURE DIRECTIONS

The mechanism, on a microscopic scale, by which a material undergoes
detonative decomposition is in many cases a matter of considerable
conjecture. This is due in large part to the severe difficulties
encountered in carrying out experiments on actual detonative processes;
the results are not often easily and unambiguously interpreted on the
basis of molecular processes. In particular, much of the picture of the
chemistry involved in detonations has evolved from measurements made upon
the thermal decomposition of the same material. From products found
there, one infers the species and chemical reactions important in the
detonation. Of course, these two processes occur under different
conditions of pressure and temperature, and on considerably different
time scales. It is in general not known whether the chemistry remains
the same.

It would be useful to be able to make species measurements on an
actual detonation, and compare (in particular) the intermediate species
observed with those found in the thermal decomposition of the same
material. For such a purpose, a spectroscopic probe is desirable, in
order to circumvent problems of secondary reactions occuring in such

sampling techniques as chromatography. It is for such experiments that
the current development of IRS is envisioned. IRS would be used first
to probe the thermal decomposition itself, and then be applied to a
detonative process. If similar primary or intermediate species are

5o
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A

B

Figure 10. Oscilloscope photogra p hs of OMA output. (a) Single-shot

spectrum. The 1701 absorption is at the left, and the 1597 to the right.
(b) Ten shots averaged on the OMA. Note that a third peak at slightly
smaller shift is evident to the right of 1597. (c) The dye laser
continuum in the absence of inverse Raman absorption. Average of ten shots.

b 51

". ~ ~ ~~~~. . ....... . ... . ,



detected, this would provide a strong indication of similar mechanisms.
If there exist considerable differences, that too is of course an
important result.

It should be noted at the outset that the use of single-shot IRS to
study only the thermal decomposition constitutes the misuse of a diag-
nostic tool. The experimental results found in the present work demon-
strate that single-shot, broadband IRS suffers from low sensitivity,
only semiquantitative reproducibility, and requires sophisticated equip-
ment. It is not the method of choice except where the time scales and
other exprimental conditions preclude the use of more established
spectroscopic methods such as SRS or infrared absorption. Such conditions
are present in a detonation, but the leisurely time scales involved in
thermal decomposition should permit the application of these other
techniques.

We have chosen, as a specific example with inherent interest, the
decomposition of trinitrotoluene (TNT). The plan involves carrying out
IRS studies of the thermal decompositon of TNT, and comparing the spectra
with those obtained from an IRS probe of TNT detonative decomposition'.

It is necessary to perform IRS on the thermal decomposition in order
to establish the spectroscopic signature sought in the detonative process.
[his is because the Raman spectral positions of many suspected interme-
diates are unknown, and intensities of even the anticipated bands cannot
be at all predicted. It may be possible to ascertain some of these data
by preparation of a few previously observed intermediates, and character-
i:inq them first with SRS (for band frequencies) and then IRS (for in-
tenlsities) in static cells.

In addition, it appears to us that the study of the thermal decom-
position alone, by, an established spectroscopic technique such as SRS or
infrared absorption, would be valuable in itself as well as a useful
adjunct to this work.

A. The Thermal Decomposition of TNT

We include here a brief review of some work on the thermal decom-
position of TNT. This is not intended to be comprehensive in any sense,
but represents a starting point from which to begin spectroscopic con-
siderations in the experimen -,-sign.

Wc have not yet considered, and do not address here, the considlerable
ron-cpectroscopic aspects of carrying out the detonation experiments.
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The principal well-defined product ,; ' from thc low-.I emlt.jrltir(,
thermal decomposition of TNT* include: -initrohenzone; 4,6-dinitrounfti
rantl; 2,4,6-trinitrobonzaldehyde; 2,4,6-trinitrobonzyl alchohol; and
2,4,,-trinitrobenzoic acid (see Figure 11). In addition to these
products, a brown powdery material (whici it insoluble in benzene and
doe; not melt at 360*C) is often formed ln sizeable quantities; thtk
i.. referred to as "explosive coke". Thc -c products are determined
through the use of chromatographic mcthodi...

The exact nature of the products c;iined depends, however, on the
conditions under which the decomposition in carried out. For example,
when done using programmed-temperature py::olysis28 at a heating rate of
l11/min, the principal product was trin obonzene, although 2,4,6-
trinitrobenzyl alchohol and 4,6-dinitro:i:thranil wore also formed
(quantitative results arc not given in 14cf. 28). However, when the TNT
was decomposed for 16 hr at a constant 2 O"C, the observed product
di:;tribution2 9 was different (see Tablc 2. In fact, the product mixture
wa; considerably more complex than suggii;..cd in Table 6, since more
than 25 distinct zones could be obsorvct ',lhen the chromatographic column
was streaked with alcoholic alkal1 29 . , of those probably corresponds
to a single decomposition product.

'rhe chemical mechanism involved in tW thermal decomposition is
clearly complicated** but apparently is -n autocatalytic process involving

.auch and ?. B. Wainright, "St, on Ccmpoaition U", I i,,#,'y
Arcnal, Yebruari 1969, AD-850 928.

u. ? ,,: jero, "Combined Pyrolycin and Laycr Chromatogiz.[4h1J, Z
'ethod for Study of Decompooition ?bc:aninao", Anta . (hem. , ?. )-7.-
(::h;;).

awonoi, M. 1. Kalat and D. V. ~ejn,"Thermal DecoooittLn.
1)f TNT", .NAVORD Roport 6831, May 1960, AD-317 977.

Rauon and W. P. Colman, "rotudico o fioo tfion n", Nov innj
,'r"IfZ1, MirL'fl 1370, AD-869 826.

. .ao, /1. U,. Adolph and M. J. n'-'ww l "e Jsn" rhf,.:*'onV
flrtWnnin.1 the Thermal ,toompooition of TNTI", d. Phyo. Chen. 74 .

.*3ti40I0 (1970); W. P. Colman and . I. biuch, "SUrLe: ot icm
V" I? ?4fn~fArooptalo February 19?), ThR100?.

;; rc~erece 27 fOor a iUtacftue BUM'Ca 04 thie *8bfet.

Pefere~we,7 and 29421 inatude dieca-ioe of the kinetiea and thei~r
- t !o=jte £ntfarnoeej in paa'timolar rcf~r.wie 19 OW 30 pPOe0'4
f1:ntdoambte dicouseion and epedulatt, i ,' o onO thowat dotdit..

.



f-cc radicals. When the (113 group is deuterium labelled a priAr w
c'fcct isi exhibited32. This together with the nature cf the principal
p roducts (11 - VI of Pigure 11) suggests an oxidative attack on the
Cl'; ,,roup as the rate-determining step. This could be either oniof euO
o,' himolecular; the latter route would appear favored by the formation
,'" the alcohol, the aldehyde and the acid (IV - VI) with both ortho nitr-o

g,+oups intact*. The most convincing evidence for the bimolecular schee
1 furnishcd by the fact that gas-phase TNT alone does not dccom[p e at
low temperature, strungly suggesting that the prime autocatalytic species
mut.t be generated in the liquid phase30 . CIn such a schema, the cyclic
1,0-dinitroanthranil would be formed by cyclization of the radical
frmcwd when a hydrogen atom is stripped from the CI3 group of the

We reiterate that our envisioned use of IRS as a probe of tht
dvIcoMposition of TNT is not intended to provide unambiguous answers to
these mechanistic questions. That is likely more readily accomplished,
fthe thermal decomposition case, using techniques such as SRS or infra-

red absorption (a project which appears to us worthwhile). Rather, we
are considering IRS for an attack on the question: Is the mechanism
(whatever it may be) similar for thermal and detonative decomposition.
insofar as one may infer from the presence or lack of common species

. . . r present?

B. Some Spectroscopic Considerations

Little information appears to exist in the literature concerning the
Raman or infrared spectra of the compounds shown in Figure II. A useful,
aind probably necessary, aspect of this project would be to first carry
out SRS measurements of Raman line positions and intensities* on as many
of these molecules as possiblet. A further helpful intermediate stop
would be IRS measurements with a tunable, narrow probe (Section VI - C).

Of the trinitro compounds, there exists a pre-laser-era report33 on
the Raman spectrum of TNT itself, and more recent papers concerning the

.A. Shackleford, J. W. Bokman and J. S. Wilkes, "Duterium Iaotop
7"fcc~~ in the ThamoochemicatZ Decomposition of Liquid 2,4,6-70rnitro-
iX.Picn: Application to Mechaniatic Studies using Tothe maz Different-

" Uplnnng Catorimotry Ana tyic", J. Org. Cha. 4 43 1-4"06 (1877).

,P. /. ;horygin, "Spoctra of Combination Scattering tmd Special Peatures

;h " *7truture of Organic Compunds", A.ur. Ffis. kh~rt. 14If09-1478)

A4hvujh they could also be forned in the wtimoiaouar seheia vith
n.-pid tranofe, of a hydrogen for a A10,, group.

:.Jo is also a necessary precursor to directly ptvbrng the thom.ti
b'paiti~on using 59S.

:;;: d trinitrobonene are avatfabl oeore(At on a utime bsis,
the other compounde uould need to be syntes£tae lr the pwpose.
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NO 2  *%% NO2  NO 2  NO 2

NO 2  NO 2

-0 H C =

NO 2  N ON2  N02

N02 NO 2

CH2 0H COO H

NO 2  NO 2  N0 2  NO 2

NO2  NO 2

Figure 11. Compounds of importance in the thermal decompoJ.ion of TN~
(1) trinitrotoluene; (II) trinitrobenzene;, (III) 4,6-dinitroanthranil.
(IV) 2,4,6-.trinitrobenzaldehyde; (V) 2,4,6-trinitrobenzy] alcohol; (Vi)
2,4,6-trinitrobenzoic acid.
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I*ABIi b. PRODUCT DISTRIBUTION FROM THERMAL DECOMPOSIrION OF TMT
MAINTAINED 1 HOURS AT 2000 C

Compound Weight Per Cent

unreacted TNT 75-90

.1,6-dinitroanthranil 2-4

2,4,6-trinitrobenzaldehyde 1-2

2,1,C-trinitrobenzyl alcohol 0.1-0.2

Compound a, m.p. 217-8 'x\ 0.1

compound h), m.p. 225-7 0.1-0.2

compound c, m.p. 132-4 ,, 0.04

compound d, m.p. 221-2 '%( 0.1

explosive coke 0-13

Product distribution from thermal decomposition of TNT maintained 10 hrs
at 20V0°(C, from Ref. 27. Compounds a-d are unidentified except for their
ifelting points, which are listed in 'C.

So(



Raman spectrum of TNT itself, and more recent papers concerning the
Raman34 and infrared3 5 spectra of trinitrobenzene (TNB). For the TNT
in particular, its SRS spectrum should be obtainable with relative ease
and considerably better quality than in the 1948 work33 .

Many of the strong peaks observed in TNB are attributable to nodes
involving the NO2 group

34,3 5, and may well be present for nearly all of
the trinitro compounds sought. If there are not significant shifts in
these frequencies, little selectivity would be obtained. A comparison
can be made between TNB and methyl 2,4,6-trinitrobenzoate3 6 (the 34
methyl ester of the acid VI of Fig 11). Of the six strong bands
assigned to C-N or NO2 in TNB, only two are observed in the ester, and
they are displaced a few cm-1 from the TNB positions. If these modes
can be used for analysis, a careful assignment using known compound.
must be made.

On the other hand, the methyl 2,4,6-trinitrobenzoate exhibits a
Raman line at 1605 cm- 1, similar to that of other trinitro esters36.
This is also in the same position as that of (unnitrated) benzoic acid".
Nitration in TNB does not much affect ring modes (benzene: 992 cm-1;
TNB 1002) or CII (benzene: 3063; TNB: 3100). This evidence suggests
that a useful guide might be provided by the Raman spectra of the
unnitrated compounds. Strong and promising bands for this purpose, taken
from an examination of the laser Raman spectra in Ref. 17 and a pre-laser
paper 3 7 for anthranil, are listed in Table 7. All of the compounds ihavc
ring vibrations near 1000 cm-1 and CH stretches near 3100, so these bands
will exhibit little selectivity. Benzene itself may be the most problematic
for locating a non-interfering band. The double-peaked and broad band
at 814 cm-1 of benzyl alcohol, the most promising region for this species,

HiI. Y. Sh2iric i, A. H. Norris and D. E. Irish, "Raman and Far Infrared

, ~)otra 0f d-trinitrobenzene and S-trinitrobenzene-d3", Can. 7. Chem.
4 7, ,,5 - 579 (1960). 3

;'. C. O3irov, V. A. Shylapochnikov and E. F. Ponizovtscv, "Vibrationa7
.4N~tr'l ,of Avomatic Nitro Compounds", Zhur. Prik. Spekt. 8, 1003-1001)

. ;. aminskaya, S. S. !]itis, and A. Ya. Kaminskii, "Raman 37poctra of
!ki (-oomp 7)xcs be tween Aromatic Poinitro Compounds and 17 ?cohol a t,, ",
.3h1nr. P1o1k. Spckt. L 10,53-1058 (1977).

A. W. F. Kohlrausch and H. Seka, "Harnan-Effekt und Konstitutions-
P-'r ',bi,, XTIT. Mittelil.: Napthalinartig Kondensier o H&'teru-bool.' '

H, 'r,. jjj 7,56.-1,570 (2938).

') 7
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TABLE 7. RAMNAN FREQUENCIES OF UNNITRATIJ ANALOGS
OF COMPOUNDS IN FIGURE 11

SPECIES FREQUENCY (cm-

benzene 606

1176

toluene 522

788

13.80

benzyl alcohol 814

benzaldehyde 1701

benzoic acid 1292

1605

anthranil 1450

1500

Raman frequencies of unnitrated analogs of compounds in Figure 11. The
nai,,ds most likely free of interference from other compounds in the
table are listed.



may suffer from interference due to benzaldehyde at 828, benzoic acid
at 788 or toluene at 798 cm- 1. For the other molecules listed, the peaks
given should be relatively free of interferences.

Of course, to cover all of these bands, more than one dye will bc
necessary. The mixture of rhodamine 6G and rhodamine 640 would be useful
for this. Bands closer than 500-600 cm- 1 are not considered since
filtering out the strong ruby pumping line, prior to dispersion within
the monochromator, becomes exceedingly difficult for these small shifts.

C. Narrow-band probe IRS

As noted in the preceding section, little is known concerning the
Raman spectra of the nitrated species of known or potential importance
in TNT thermal decomposition. It would be valuable to independently
obtain such spectra on known samples, in order to facilitate assignments
in this and other work. To assess potential problems with interferences
and overlaps, it would be additionally useful to run spectra on mixtures
of these compounds and/or their (less expensive) non-nitrated analogs.

These spectra should be obtained first using SRS in the now-standard
and conventional configuration (AR+ laser, double monochromator, photon
counting) so as to provide a rapid catalogue of each species Raman
spectrum, and the spectrum of various mixtures.

Following this, IRS data on static mixtures should be obtained using
a narrow-band, tunable probe laser. Here, the ruby laser would again
provide the pump beam at w, but the beam at w) would be a continuous-duty
dye laser pumped by an Ar or Kr+ laser. Tuning the dye laser provides
the inverse Raman spectrum with no need for dispersion through a
monochromator. Consequently a fast diode detector can be used. Its
output would then be measured using a narrow gate boxcar integrator, so
that only the dye radiation (at the tuned wavelength) during the ruhy
pulse would be detected. Standard differencing techniques, using a
second boxcar gate sampling after the ruby pulse, would directly provide
the inverse Raman absorption spectrum.

The utility of this narrow band method lies in its better signal to
noise ratio (compared with single-shot, broadband IRS), which in turn is
due to the stability of continuous duty dye lasers and the ability to
average over several ruby pulses. The information obtained here would
he the relative intensities of the bands whose positions were earlier
located using SRS.

In particular, the use of the narrow band tunable dye would ensure
that the observed linewidths were the actual Raman linewidths discussed
in Section IIl D2. This method is perhaps the best way to measure
these necessary but generally unavailable linewidth quantities so as to
obtain integrated inverse Raman absorption coefficients. Such an experi-
ment has been carried out on the 3062 and 3048 cm- 1 bands of benzene; a
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brief discussion and a figure are contained in an overall review of

the East German work in IRS.

D. Broadband CARS

It has already been mentioned (Section II B3) that broadband CARS,
which has been used to date in gases11 but not in liquids, is a promising

competitive technique to IRS for the applications envisaged here.

For both techniques, the sensitivity would appear to be limited to
detection of mole fractions of the order of 0.01 in a 1 cm cell, although
this is due to different causes. In IRS, the limit is set by the
smallest degree of measureable absorption. In CARS, the limit is set by
the noise in the non-resonant background. An important difference, how-

ever, is in the path length dependence. In IRS, the absorption depends
exponentially on path length, so the minimum detection limit will be

higher for a shorter cell. For CARS, the sensitivity limit depends on
the ratio of resonant to non-resonant signals which is path length

independent.

In addition, CARS signals can be generated only over a path where
the three beams retain the necessary phase-matching condition. In
liquids, this "coherence length" is typically of the order of 1 mm3 9 .
Thus CARS may be especially suitable for measurements on processes (such
as detonations) in which a short path length is desirable.

Using the notation developed earlier, we rewrite Eqs (59) and (bO)
of Eckbreth et a14 for the power P3 produced in a CARS beam at frequency

2 4

N (do/dQ) 2 (II2/h )w 3 z P' n
P 3 - ~ 4(191

Ti 4 C 4 W2

-2 -1
Here I1 is the intensity (erg cm sec ) of the pump beam, P., is the

power in the probe at frequency w,, and z is the path length (the coherence
length forms an upper bound on z)7 All frequencies and the Raman line-
width are in cm 1 in Eq (19). This expression ignores* population of

-. i,au, W. Werncke, M. Pfciffer, K. Len., and H. Waigmann, "Ino's,
,. ; t tcri ", Sot. ,Jounn. 0'ant. t 5ec. 3, 401"-,400 ( 126).

F. P~fZy, A. B. Harvey a~zd H. 1. Byc jn, "CohcO, /11 '-?t, ,ali
.mu,',', )oopy", Appi. Phys. TLtt. i, 387-390 (1974).

4
-'!Z:breth et al., include it in their equations; we have ,roppe! t.

o)o
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the upper vibrational level either by thermal or laser-stimulated means.

The conversion efficiency P3/P2 has been calculated for the lasers
considered in Section III E. This computation used the parameters for
benzene discussed earlier (Section III D) and the coherence length
value of 1 mm for z. The results are collected in Table 8. The
extremely high conversion efficiencies for the Nd:YAG and DL,14 systems
are unrealistic in that laser pumping of the excited level should be
taken into account, but clearly they promise extremely strong signals.
To put in perspective the lower conversion efficiencies consider a 1 m.1
pulse* stokes beam at w2. This will produce about 5xlO -8 J of CARS
signal, or over 10l antistokes photons, which is more than ample for
detection. For a broadband signal, this when dispersed over the 500
channels of an OMA will still provide considerable signal.

Thus CARS signals can be generated over short path lengths, and at
pump laser intensities considerably lower than 109 watt/cm2 . This is
quite encouraging for use on detonating condensed phases, where it is
desired to keep path lengths short but still avoid the problem of window
damage discussed in Section III F.

A ruby laser was' not considered in these calculations. Obviously
there would be ample signal strength, and a ruby laser has been used in
the pioneering broadband CARS experiments on gases11. While extensive
and impressive results 40 have been obtained with such a system, the
problems40 in working with the necessary infrared dyes render the choice
of a ruby much less attractive.

We again note that it is possible that the variation in phase match
angle with wavelength, due to changes of the index of refraction of the
liquid phase, may hamper broadband CARS in liquids. However the available
evidence using a tuned probe laserl2, 13 encourages optimism on this point.

There are two potential serious disadvantages with CARS, compared
to IRS, for the desired application. The first is difficulty of alignment in
a complex experimental environment such as that for a detonation experiment.
The second is the problem of extracting quantitative information concern-
ing species, especially in a mixture, due to the complex nature of a
CARS spectrum.

We first consider the alignment problem. For CARS in a liquid, it
is necessary to cross the beams at the focus and at a specific angle in
order to generate the desired signals. For an experiment in which species

Tis 1 mJ must be the energy provided by the probe laser over the pulse
luration of the pump laser.

loW. B. Roh, "Coherent Anti-Stokes Ranan Scattering of MlecuZar Gases",
Air Force Acro Propulsion Laboratory, August 1977, Af1APL-TP-77-47.

ol
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TrABLE 8. CONVERSION EFFICIENCIES FOR SOME COMMERCIALLY AVAILABLE LASERS

power at fcs , P 3/P 2 [Eq(19)]

laser Watt/cm2  nm

Nd:YAG 1.6xl10 532 0.21

CMX4 1.9x10 7  590 6.3xl10

NRG 1.4xl10 7  590 3.4xl10

DJL14 7.6xl10 8  590 0.10

*1'2



concentrations change, the resulting change in refractive index may
render this difficult. This is not anticipated to be a problem with
IRS since the beams may be made collinear. In addition, simply attaining
the proper beam alignment may prove more difficult with CARS, particularly
in a more hostile environment associated with remote probing of a deton-
ating system. It has been our experience that the alignment of the beams
in our IRS experiments is not always trivial and it is our expectation
that CARS will be less forgiving than IRS in this connection. Ease of
carrying out the experiment should not be neglected in making the
comparison.

The alignment problem can presumably be overcome through careful
and experienced technique. The second problem, however, is inherent in
the CARS process itself. The CARS signals are composed of peaks, due to
the resonant part of the third order susceptibility X(3), as expressed in
Eq (10), and a slowly varying non-resonant part. Since the signal
intensity at a frequency w is proportional to IX(3)(w)I2 , these two
portions can interfere. One may express 18 the overall X(3) in terms of
the real (X') and imaginary (X") parts of the resonant susceptibility anti

an added non-resonant term XNR, which is real:

S(3)= 1 + ix + XNR. (20)

The CARS signal intensity is then proportional to

Ix (3) 2 = (x' + xNR) 2 + (X,,) 2

2 NR NR 2 2
(x') + + (xN) + (X") (21)

The mixing of the resonant and non-resonant parts, through the cross term
x'xNR leads to an asymmetric shape, because (see Eq (10)) x' has a dispers-
ion lineshape while X" has a Lorentzian form. The shape and size of the
signals observed is critically dependent on the relative sizes of the
resonant and non-resonant contributions. This is well illustrated by
theoretical curves for different ratios exhibited in Ref 18.

For a mixture of components having neighboring Raman peaks, the
situation could become quite complex, and may well require calibration
using known samples of similar composition of the same or similar* species.

* Probably the best way to extract quantitative information is to use
computer simulation, as has been done for broadband CARS of nitrogen in

SIn the sense of their Raman spectrum.
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41
flames to extract the rotational temperature . This requires independent
knowledge of the Raman cross sections do/dQ and linewidths Aw, which
could be obtained through the narrow-band IRS method discussed in Section
VI C.

In conclusion, we find the results expressed in Table VIII quite
encouraging for the use of broadband CARS as a diagnostic probe of a
detonating condensed phase system. The advantage of high signal levels
at lower pump laser intensity and a shorter path length is offset by the
possible complexity of the spectrum and the resulting difficulty in
obtaining a quantitative analysis. It is not apparent to us which
technique (CARS vs IRS) is preferably for the envisioned application,
and the choice is likely best made on the basis of the system probed.
In fact, a combination of the two techniques may be the optimum. This
could be provided by a Nd:YAG laser frequency doubled to 532 nm as the
pump beam. The 532 nm would also pump the broadband dye used as the CARS
Stokes laser at w2 ; the frequency tripled output of the Nd:YAG would pump
the IRS probe laser at w2 " Alternatively, the 532 nm beam could pump
two dye lasers, one of wLich* would be the wi pump and the other of which
would be the w, probe. Even were CARS to prove a superior technique for
the actual diagnostic work, the narrow-band IRS experiments would be the
better way to obtain the needed absorption coefficients and linewidths.
This would be readily accomplished using the same frequency-doubled
Nd:YAG as the pump and a ion-laser-pumped** continuous duty laser as the
probe.

E. Recommendations

In particular for the BRL, we recommend that the future direction
of this project be as follows. (1) Acquire a Nd:YAG laser and
associated dye laser. (2) Establish and develop broadband CARS. Initial
experiments here for evaluation purposes could be done with the CMX4 and/
or NRG lasers on hand, but with the objective of later conversion to
Nd:YAG operation. (3) Establish and develop narrow-band tunable IRS for
the determination of Raman cross sections and linewidths. The ruby laser
would be used for at least initial experiments. (4) Carry out measurements
on the non-nitrated analogs of the compounds in Figure 11, individually
and in mixtures, using, in sequence SRS, narrow-band IRS, broadband IRS
and (if then available) broadband CARS. (5) Carry out the same sequence
of measurements for trinitrobenzene, trinitrotoluene, and as many of the

41A. C. Eckbreth and R. J. Hall, "CARS Diagnostic Investigations of
Flames", Proceedings of Tenth Materials Research Symposium on
Characterization of High Temperature Vapors and Gases, Gaithersburg,
Maryland, September 1978.

AThe laser at shorter wavelength for CARS, and the one at longer wave-

length for IRS.

Here one would likely need to pump using the ultraviolet lines of
Ar+ or Kr+, so as to obtain dye output sufficiently blue of 532 nm.
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compounds in Figure 11 as it is economically feasible to synthesize.
(6) Probe in situ the thermal decomposition of TNT using first infrared
absorption and SRS, then IRS (narrow-and broadband) and broadband CARS.
(7) In conjunction with appropriate personnel from Terminal Ballistics
Division, give preliminary consideration to the design of a detonation
experiment capable of being probed by lasers.

F. Addenda

Since the initial preparation of the material in this section, two
papers have appeared which have bearing on the points discussed in Sections
VI C and D.

Yeung and coworkers4 2 have used a ruby pumping laser and continuous
duty dye laser to carry out narrow-band inverse Raman measurements of
the 1345 cvr-1 line of nitrobenzene. Utilization of a dye laser narrower
than the Raman linewidth permits an absolute cross section to be 6btained
from a measurement of the degree of absorption. Although a previously
published value of the linewidth was used for the data analysis in Ref.
42 this quantity could presumably also be obtained by tuning of the dye
laser and scanning the Raman line. A discussion of the problems associated
with the pulse-to-pulse variation of the ruby laser (±20%) is included.
A good case is made for the use of inverse Raman spectroscopy in this
manner in order to determine cross sections, in accord with our conclus-
ions in Section VIC and D.

Tretzel and Schneider4 3 have carried out a broadband CARS measurement*
on highly fluorescing acridine dyes, using two dye lasers pumped by a
nitrogen laser and tuned so as to obtain resonant enhancement. A 1/3-m
monochromator and OMA were used for detection. Quantitative intensity
results are not given although it is clear that the refractive index
variation does not preclude obtaining a CARS signal across the full range
of the gain profile of the probe laser. In fact, a qualitative study of
the spectrum as a function of crossing angle between 2.90 (the proper
phase matching angle) and 0.70 was made. This exhibited considerable
changes in the appearance of the spectrum due to the differing proport-
ional contributions of the resonant and non-resonant parts of the
susceptibility (Eqs (20) and (21)).

L. -. Hughrs, L. E. Steenhoek and E. S. Yeung, "Determination of
AbooLte Raman Cross Section using the Inverse Raman Effect", Chem.
Phis. Lett. 5 413-416 (1978).

4,. TretzeZ and Y. W. Schneider, "Resonance Multiplex CARS of
'uonrescing Acridines", Chem. Phys. Lett. 59, 514-518 (1978).

,arrow-band probe lasers were also used for part of the experiments.
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While the work in Reference 
43 demonstrates that CARS 

signals can

be obtained without undue 
worry concerning the crossing 

angle -problem

across the full range of 
the probe dye, it especially 

underscores the

inherent problems in obtaining 
quantitative results from 

the observed

spectrum. In particular, careful attention 
must be paid to specification

of the crossing angles when 
attempting an analysis of 

the data.
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